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ABSTRACT
We identify a pre-explosion counterpart to the nearby Type IIP supernova ASASSN-
16fq (SN 2016cok) in archival Hubble Space Telescope (HST) data. The source appears
to be a blend of several stars that prevents obtaining accurate photometry. However,
with reasonable assumptions about the stellar temperature and extinction, the progen-
itor almost certainly had an initial mass M∗ <∼ 17M⊙ and was most likely in the mass
rangeM∗ = 8-12M⊙. Observations once ASASSN-16fq has faded will have no difficulty
accurately determining the properties of the progenitor. In 8 years of Large Binocular
Telescope (LBT) data, no significant progenitor variability is detected to RMS limits
of roughly 0.03 mag. Of the six nearby SN with constraints on low level variability,
SN 1987A, SN 1993J, SN 2008cn, SN 2011dh, SN 2013ej and ASASSN-16fq, only the
slowly fading progenitor of SN 2011dh showed clear evidence of variability. Excluding
SN 1987A, the 90% confidence limit implied by these sources on the number of out-
bursts over the last decade before the SN that last longer than 0.1 years (FWHM)
and are brighter than MR < −8 mag is approximately Nout <∼ 3. Our continuing LBT
monitoring program will steadily improve constraints on pre-SN progenitor variability
at amplitudes far lower than achievable by SN surveys.
Key words: stars: massive – supernovae: general – supernovae: individual:
SN 2016cok – galaxies: individual: NGC 3627
1 INTRODUCTION
At the end of their lives, all massive (>∼ 8M⊙) stars must
undergo core collapse once their iron cores become too mas-
sive to be stable. In most cases, this leads to a super-
nova (SN) explosion probably driven by some combination
of neutrino heating and the effects of turbulence and con-
vection (see the recent review by Mu¨ller (2016) and, e.g.,
recent results by Couch & Ott 2015, Dolence et al. 2015,
Wongwathanarat et al. 2015). The visible properties of the
successful SNe then depend on the degree of mass loss, rang-
ing from Type IIP SN which have retained most of their
hydrogen envelopes, to Type Ic SN which appear to have
been stripped even of helium (e.g., Filippenko 1997). The
mass loss is controlled by some combination of intrinsic ef-
fects such as winds and extrinsic effects such as binary mass
transfer (see the review by Smith 2014).
There is no strong requirement that more than roughly
50% of core collapses lead to successful SN (e.g., neu-
trino backgrounds, Lien et al. 2010; star formation rates,
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Horiuchi et al. 2011; nucleosynthesis, Brown & Woosley
2013, Clausen et al. 2015) and a 10-30% fraction of failed
SN producing black holes without a dramatic exter-
nal explosion is both expected in many modern anal-
yses of the “explodability” of stars (e.g., Ugliano et al.
2012, O’Connor & Ott 2013, Pejcha & Thompson 2015,
Ertl et al. 2016, Sukhbold et al. 2016) and would provide a
natural explanation of the compact remnant mass function
(Kochanek 2014, Kochanek 2015, Clausen et al. 2015). In-
deed, scenarios for the recent gravitational wave detection of
a merging black hole binary (Abbott et al. 2016) all invoke
at least one failed SN (e.g., Belczynski et al. 2016, Woosley
2016).
A powerful means of probing these issues is to work
out the mapping between successful SNe and their pro-
genitor stars. This is a challenging observational pro-
gram (see the reviews by Smartt 2009 and Smartt 2015)
which has slowly been carried out over the last 20 years
(e.g., Van Dyk et al. 2003, Smartt et al. 2004, Li et al. 2006,
Smartt et al. 2009, Elias-Rosa et al. 2009, Elias-Rosa et al.
2011, Maund et al. 2011, Van Dyk et al. 2011, Fraser et al.
2012, Fraser et al. 2014). With one possible exception
(Cao et al. 2013, Folatelli et al. 2016, see Eldridge et al.
(2013) for a discussion of limits), all the identified progeni-
tors are of Type II (IIP, IIL, IIb, or IIn).
As first pointed out by Kochanek et al. (2008) and then
better quantified by Smartt et al. (2009), there appears to
be a deficit of higher mass SN progenitors. In particular,
Smartt et al. (2009) only identified Type IIP progenitors
with masses of <∼ 17M⊙ even though stars up to 25-30M⊙
are expected to explode as red supergiants with most of their
hydrogen envelopes. While attempts have been made to ex-
plain this using extinction by winds (Walmswell & Eldridge
2012, but see Kochanek et al. 2012a) or by modifying stel-
lar evolution (e.g. Groh et al. 2013), the same problem of
missing, higher mass progenitors is seen in examinations
of the stellar populations near local group SN remnants
(Jennings et al. 2014). Jerkstrand et al. (2014) also argue
that no Type IIP SN have shown nucleosynthetic evidence
for a higher mass (M∗ > 20M⊙) progenitor. Following the
proposal of Kochanek et al. (2008), Gerke et al. (2015) have
been carrying out a search for failed SN with the Large
Binocular Telescope (LBT), identifying one promising can-
didate (see also Reynolds et al. 2015). The progenitor of this
candidate for a failed SN appears to be a red supergiant in
exactly the mass range missing from searches for the progen-
itors of successful SN (Adams et al. 2016, in preparation).
A second recent puzzle about SN progenitors is that
some appear to have outbursts (Pastorello et al. 2007,
Fraser et al. 2013, Mauerhan et al. 2013, Ofek et al. 2014,
Ofek et al. 2016) and/or eject significant amounts of mass
(see Gal-Yam 2012, Smith 2014) shortly before they ex-
plode. The most extreme mass-loss events (M˙ ∼ M⊙/year)
likely explain the rare, superluminous Type IIn SNe
(Smith & McCray 2007), but the inferred mass loss rates
are frequently M˙ >∼ 10
−3M⊙/year even for normal Type IIn
SNe (see, e.g., Kiewe et al. 2012). The local systems known
to reach such extreme mass loss rates are the Luminous
Blue Variables (LBVs), with η Carinae as the most spec-
tacular example (see Humphreys & Davidson 1994). The
rate of η Carinae-like events is roughly 10% of the SN
rate (Kochanek 2011, Khan et al. 2015a, Khan et al. 2015b),
which is sufficient to explain the occurrence of the extreme
Type IIn superluminous SN. Any association of LBV erup-
tions with the very late phases of stellar evolution would
roughly require the typical M∗ >∼ 50M⊙ star to have at
least one eruption in the ∼ 103 year period after car-
bon ignition (Kochanek 2011). On the other hand, theo-
retical models to explain pre-SN outbursts and Type IIn
SNe have favored mechanisms associated with the last few
years, corresponding to the neon/oxygen burning phases
or later (Quataert & Shiode 2012, Shiode & Quataert 2014,
Smith & Arnett 2014, Woosley & Heger 2015). In this pic-
ture, massive stars must have two separate mechanisms for
triggering outbursts, one to explain the LBVs and a second
to explain the pre-SN outbursts.
The existence of any transients associated with the last
<∼ 10
3 years (or less) of stellar life requires a causal mecha-
nism associated with these final phases (see the discussion
in Kochanek 2011). Figure 1 shows the dependence of the
final nuclear burning stages on progenitor mass for the stan-
dard, non-rotating, 12-100M⊙, solar metallicity models of
Sukhbold & Woosley (2014) and Woosley & Heger (2007).
We show the periods of core and shell carbon, oxygen and
silicon burning – the neon burning phase is not as energeti-
cally important. The large scale structure in Figure 1, with
the shortest time scales for intermediate masses, is driven
by the rapid increase in mass loss for the higher mass stars.
The smaller scale variations in the mass-dependence of the
post-carbon burning phases are due to the complex interplay
of the burning phases and their consequences for structure
of the stellar core (see Sukhbold & Woosley (2014) for a de-
tailed discussion).
We illustrate the outbursts associated with Type IIn
SN in Figure 1 by SN 2009ip and the Palomar Tran-
sient Factory (PTF) sample of Type IIn SN considered by
Ofek et al. (2014). SN 2009ip has an estimated progeni-
tor mass of 50-80M⊙ (Smith et al. 2010) and showed a se-
ries of outbursts before the apparent explosion (see, e.g.,
Smith et al. 2010, Foley et al. 2011, Mauerhan et al. 2013,
Pastorello et al. 2013, Margutti et al. 2014). For the PTF
sample, the progenitor masses are unknown. PTF data are
available for the last few years before the SN, as shown by
the lines spanning the survey times for each SN. Ofek et al.
(2014) detect 5 outbursts and argue that it is highly proba-
ble that all Type IIn SN experience outbursts and that many
are simply missed due to the survey depth and cadence. The
outbursts shown in Figure 1 are associated with the very last
phases of carbon shell burning through the early phases of
oxygen shell burning. It seems probable, particularly in the
case of SN 2009ip, that outbursts cannot be restricted to the
time period after the initiation of core oxygen burning. As a
contrast, if the eruption mechanism of LBVs had any corre-
lation with these last phases, it would have to be associated
with the carbon burning phase, as illustrated in Figure 1
by the 1840 and 1655 outbursts of η Car and P Cygni (see
Humphreys & Davidson 1994).
Broadly speaking, there are two possible scenarios asso-
ciated with these pre-SN transients. The first option is that
only the high amplitude events seen in the SN surveys or
implied by the Type IIn SNe exist and they are associated
with a very narrow range of progenitor parameter space (e.g.
mass, metallicity, rotation). The second option is that the
outburst mechanism is relatively generic, and the existing
c© 0000 RAS, MNRAS 000, 000–000
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Figure 1. Final nuclear burning stages as a function of progenitor mass based on the standard, non-rotating, 12-100M⊙, solar metallicity
models of Sukhbold & Woosley (2014) and Woosley & Heger (2007). The gray bands show, from top to bottom, the periods of core
carbon, oxygen and silicon burning, separated by periods of shell burning. The points associated with SN 2009ip indicate the timing of
its outbursts relative to its presumed explosion along with its estimated mass range. The sub-panel to the right shows 16 thin vertical
lines for the (control) time periods sampled by PTF for 16 Type IIn SN, with heavy black points and lines for the time periods associated
with outbursts (Ofek et al. 2014). The masses of the progenitors of these stars are unknown but they are generally assumed to be large.
For comparison, the sub-panel also indicates the present day lower limits for the 1840 and 1655 outbursts of η Car and P Cyg. The boxes
at lower masses show the progenitor mass ranges and the time periods that can be surveyed for progenitor variability for SN 1987A,
SN 1993J, SN 2008cn, SN 2011dh, SN 2013ej, and ASASSN-16fq. For a Salpeter IMF with SN occurring in the mass range from 8 to
100M⊙, 50% of SN arise from the mass range from 8 to 13.1M⊙.
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events simply represent the high amplitude tail of a much
broader distribution. Unfortunately, the existing systematic
searches for outbursts (e.g. Ofek et al. 2014, Bilinski et al.
2015, Strotjohann et al. 2015) are all part of searches for
supernovae and essentially cannot detect significantly lower
amplitude transients.
Like building the mapping between SN and progenitors,
building the mapping between pre-SN outbursts and pro-
genitors requires surveys of much greater sensitivity than
searches for SN. Unfortunately, where data deep enough
to observe progenitors are already rare, having multiple
epochs of such data to study progenitor variability is rarer
still. At present, such data only exists for the progeni-
tors of SN 1987A (see Plotkin & Clayton (2004) and ref-
erences therein), SN 1993J (Cohen et al. 1995), SN 2008cn
(Elias-Rosa et al. 2009, Maund et al. 2015), SN 2011dh
(Szczygie l et al. 2012), and SN 2013ej (Fraser et al. 2014).
These sources all have progenitor detections and mass es-
timates, placing them below 20M⊙. Figure 1 shows the re-
gion of progenitor mass and remaining life time the data
can probe. The variability constraints for SN 1987A and
SN 1993J are relatively poor and only SN 2011dh shows
clear evidence for low levels of variability. All these sys-
tems are also in the <∼ 20M⊙ mass range suggested by
Shiode & Quataert (2014) for wave-driven mass loss at solar
metallicity and some are likely near the ∼ 10M⊙ mass range
associated with the explosive silicon burning mechanism of
Woosley & Heger (2015).
Here we report on the properties of the progenitor of
ASASSN-16fq (SN 2016cok). ASASSN-16fq was discovered
(Bock et al. 2016) in NGC 3627 (M 66) by the All-Sky Au-
tomated Survey for Supernovae (ASAS-SN, Shappee et al.
2014) on 28 May 2016 and was spectroscopically clas-
sified as a Type IIP SN (Zhang et al. 2016). There are
multiple epochs of HST data because of the debated
transient SN 1997bs (Van Dyk et al. 2000, Smith et al.
2011, Kochanek et al. 2012b, Adams & Kochanek 2015)
and the Type IIL SN 2009hd (Elias-Rosa et al. 2011,
Tinyanont et al. 2016). It is also one of the galaxies mon-
itored as part of the search for failed supernovae with the
LBT (Kochanek et al. 2008, Gerke et al. 2015), allowing a
deep search for progenitor variability over its last 8 years (see
Figure 1). In §2 we identify and describe the progenitor pri-
marily based on archival HST data to make a rough estimate
of its luminosity and initial mass. In §3, we search for vari-
ability from the progenitor using the data from the LBT. We
discuss the results in §4, focusing on an extended discussion
of supernova progenitor variability. Following Gerke et al.
(2015), we adopt a distance of 10.62 Mpc from Kanbur et al.
(2003) and a Galactic extinction of of E(B−V ) = 0.03 mag
from Schlafly & Finkbeiner (2011).
2 IDENTIFICATION AND PROPERTIES OF
THE PROGENITOR
The region including ASASSN-16fq was observed by HST on
28 December 1994 (WFPC2/F606W, GO-54456, PI Illing-
worth), 26 November 2001 (WFPC2/F606W, GO-8597, PI
Regan), 24 February and 4 March 2001 (WFPC2/F555W
and F814W, GO-8602, PI Filippenko), 30/31 December
2004 (ACS/F658N and F435W, GO-10402, PI Chandar),
14 December 2009 (ACS/F555W and F814W, GO-11575,
PI Van Dyk), and 28 November 2013 (WFC3/UVIS/F555W
and F814W, GO-13477, PI Kochanek). These data are sum-
marized in Table 1. The region has also been observed multi-
ple times by Spitzer at 3.6 and 4.5µm (programs 159, 10001
and 10136/11063, PIs Kennicutt, Kochanek and Kasliwal,
respectively).
In order to determine the position of the SN in the HST
images, we obtained new LBT data including the SN consist-
ing of 24 five second R-band exposures with a 1.′′05 full width
at half-maximum (FWHM) and a nominal R-band depth
when combined of roughly 24.7 mag (S/N ≃ 5). We identi-
fied 39 sources in common between the combined LBT im-
age and the pipeline, drizzled, CTE-corrected (charge trans-
fer efficiency) ACS/WFC F814W HST image taken on 2009
December 14. A pixel coordinate transformation allowing
for rotation, translation, independent x and y pixel scalings
and second order x2, xy and y2 terms to account for distor-
tions (24 coefficients in total) led to a geometric transfor-
mation with root-mean-square (RMS) errors in the x and y
HST pixel axes of 0.164 and 0.169 LBT pixels, respectively.
The position of the SN in the LBT image was measured
using three different centering algorithms which agreed to
<∼ 0.02 LBT pixels (pixel scale 0.
′′226). The resulting esti-
mate of the pixel position of the SN on the F814W image is
(1658.047±0.734, 2014.933±0.757). Figure 2 shows the LBT
image with the SN and the same region in the pre-explosion
HST image along with an inset showing a 3.′′0-square re-
gion centered on the estimated position of the progenitor. A
source is readily apparent at this position.
The pixel coordinates of this pre-explosion source are
measured to be (1657.612 ± 0.094, 2014.856 ± 0.048) using
the average results of three different centering algorithms in
IRAF PHOT. This is offset from our estimated position of the
SN by (0.435, 0.077) ACS pixels, or 0.′′022 in total. Thus, the
SN and our progenitor candidate have formally coincident
positions given their respective uncertainties. However, this
source also appears to be an extended blend of several stars,
with a FWHM of 3 pixels instead of the ∼ 2 pixels found
for nearby point sources. This proves to be a considerable
complication for our photometric measurements.
For photometry, we used hstphot for the WFPC2 im-
ages and dolphot for the ACS and WFC3 images (Dolphin
2000). hstphot is designed specifically for point-spread
function (PSF)-fitting photometry on WFPC2 images, while
dolphot is a more general version of hstphot which can
also handle ACS and WFC3 data. ACS, WFC3 and WFPC2
all have different pixel scales, and the observations summa-
rized in Table 1 were taken with a range of orientations and
depths. Hence, it is difficult to directly compare observa-
tions taken with each of these cameras particularly when
the decomposition of the blended sources is not unique. The
photometric results are reported in Table 1 along with any
magnitudes for the source available from the Hubble Source
Catalog (HSC, Whitmore et al. 2016) for comparison. All
the reported magnitudes are in the Vega system, with ap-
propriate transformations from the AB magnitudes used by
the HSC.
The WFPC2 images were obtained with theWF3 detec-
tor, which has a pixel scale of 0.′′1 that grossly under samples
the PSF. The 1994 images were very shallow and there was a
slight (∼ 2 pix) offset between the two exposures, so we ran
c© 0000 RAS, MNRAS 000, 000–000
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Figure 2. Identification of a progenitor candidate for ASASSN-16fq. The left panel shows an image of the SN taken with LBT, aligned to
the pre-explosion HST ACS/WFC F814W image shown in the right panel. The position of the SN is indicated in both panels. The inset
in the right, pre-explosion panel shows a 3.′′0×3.′′0 region centered on the progenitor candidate, with the derived SN position indicated.
hstphot on each frame individually. For the WFPC2 data
from 2001, there was no dithering between the exposures, so
we combined the two images available for each filter. Cosmic
rays were rejected using the paired exposures for each point-
ing. hstphot was run using its recommended parameters,
performing PSF-fitting photometry with a detection thresh-
old of 3.5σ, and simultaneously refitting the sky background
(option 512). Aperture corrections were derived from the
data, and applied to the measured magnitudes along with
standard CTE corrections.
In all of the WFPC2 images, the progenitor candidate
was detected as a single source, as shown in Fig. 3. The
1994 and 2001 F606W magnitudes differ by almost 0.5 mag
despite using identical settings for hstphot. If we take 5
nearby sources with F606W ∼ 22 mag, we find that the
sources all appear to be brighter in 2001 by 0.15 to 0.35 mag.
The cause of the discrepancy is unclear, although the 1994
exposures were significantly shallower and have lower back-
grounds that would worsen the effects of CTE. We ap-
plied the hotpants difference imaging package to the two
F606W epochs and found no significant residuals, indicat-
ing that there was no significant variability associated with
the source. We will not consider the 1994 data further. The
HSC had an estimate for the source flux in the 2001 F814W
image, and the HST magnitude was consistent with our pho-
tometry to <0.1 mag.
The ACS images were analyzed with dolphot. The
drizzled ACS reference image (file type drc) for each filter
was used to identify sources, while photometric measure-
ments were performed on the individual, undrizzled, flc
files. Both file types are corrected for CTE losses, so no CTE
corrections were applied to the measured magnitudes. The
pipeline-reduced 2004 ACS flc files did not have a cosmic
ray mask in their data quality extension. We processed these
files with astrodrizzle to derive a cosmic ray mask before
carrying out the remainder of the analysis. The dolphot
parameters, including the choice of aperture radius, were
matched to those of the ANGST survey (Dalcanton et al.
2009). We used a large 8 pixel aperture, fitting each source,
its neighbors and the background simultaneously. We used a
3σ source detection threshold and set the force=1 param-
Figure 3. WFPC2 images (5.′′0 square, North up) from 2001
centered on the candidate progenitor. The progenitor candidate
is marked by the yellow cross. The white squares are bad pixels.
eter to force all objects to be fit as point sources. For the
F658N image, dolphot failed to detect enough sources to
align the two flt images to the drizzled F658N reference
image. Here we measured the positions of many point-like
sources common to each image within iraf, and used acs-
fitdistort within dolphot to align the frames. The loca-
tion of the SN in each of the images was found by aligning
them to the 2009 F814W image which was used to identify
the progenitor.
dolphot splits the flux from the source at the progen-
itor position into a number of sources, which is not surpris-
ing given that that its FWHM is broader than other nearby,
point-like sources. If we disable the force=1 option, the
source is modeled as a single extended object rather than
decomposed into multiple sources. Figure 4 shows the rel-
c© 0000 RAS, MNRAS 000, 000–000
6 C. S. Kochanek et al.
Figure 4. ACS images (1.′′0 square, North up) from 2009 (F555W and F814W, bottom) centered on the estimated position of ASASSN-
16fq (yellow cross). The labeled red squares show the positions of dolphot sources reported in Table 1 where the central source (C1-D1)
is the brightest.
evant region of each ACS image and how it has been de-
composed into the sources reported in Table 1. The HSC
magnitudes agree well (∼ 0.1 mag) with our results for the
F435W, F555W and F658N filters. The difference is much
larger for F814W, where dolphot has found two sources
(D1 and D2) of similar flux. The summed flux of these two
sources, corresponding to 22.74 mag, agrees with the HSC
flux.
We also analyzed the WFC3 images with dolphot,
where these are the images that best sample the PSF (0.′′04
pixels rather than the 0.′′05 scale of ACS) and likely produce
the most reliable source decomposition. We identified the
sources on the F814W image and then obtained photome-
try for the F555W and F814W images simultaneously. The
sources identified by dolphot are shown in Figure 5 and
their measured magnitudes are reported in Table 1. The po-
sition of ASASSN-16fq was again determined by aligning the
WFC3 F814W image to the ACS F814W image.
The photometry reported in Table 1 is not fully con-
sistent given the reported uncertainties. This is not very
surprising given that the source appears to be a blend of
multiple sources with a decomposition that is not unique un-
der changes in the instrument, camera and filter. We tested
running dolphot simultaneously on the ACS and WFC3
F814W images, using a single drizzled WFC3 image for
source detection. We found systematic offsets of 0.1-0.2 mag
between sources as measured on the ACS and WFC3 im-
ages. For isolated point sources, the differences should be
much smaller (a few times 0.01 mag in tests with synphot).
However, even with the source positions fixed, the flux esti-
mates for the blended sources likely depend in detail on the
sub-pixel scale model of the PSF in each frame.
We again used difference imaging to search for evidence
that the differences between the ACS and WFC3 magni-
tudes could be explained by variability. We focused on the
F814W filter, where a red supergiant exploding as a Type II
SN should contribute the most flux. As shown in Figure 6,
there are no significant residuals after using hotpants to
scale and subtract the two images. As with the similar test
on the WFCP2 F606W images above, there is no evidence
in the difference image for any variability.
We also searched the archival Spitzer data for sources
related to the progenitor following the procedures of
Khan et al. (2015b). We used the ISIS (Alard & Lupton
1998) difference imaging package to align the Spitzer im-
ages of a sub-region centered on ASASSN-16fq. Many of
the images had an artifact passing close to the SN, so we
combined the epochs either missing the artifact or where
the artifact avoids its location to build a reference image.
We then produced differenced images to search for variabil-
ity. We also differenced the 3.5 and 4.5µm reference images
to search for dusty stars. In such a “wavelength difference”
image, the normal stars all vanish to leave only stars with
significant hot dust emission because they all have a com-
mon “Rayleigh-Jeans” spectral energy distribution (SED)
(Khan et al. 2010). We found no evidence for mid-IR vari-
ability or hot dust emission. There is no mid-IR source at
the position of the progenitor. Our best estimates of the 3σ
upper limits on the 3.6, 4.5, 5.8 and 8.0µm fluxes of any
source at the position of the progenitor are 15.9, 15.7, 13.3
and 11.4 mag, respectively. The shorter wavelength limits
correspond to νLν <∼ 10
5L⊙ (at 1σ), and provide no strong
constraints given the HST photometry.
Clearly with the source blending and the differences be-
tween the results for the various cameras we cannot precisely
determine the properties of the progenitor or the amount of
extinction. Our goal is simply to provide constraints on the
progenitor luminosity that can be translated into rough con-
straints on the stellar mass. ASASSN-16fq is a Type IIP SN,
and all progenitors of Type IIP SN with constrained stellar
temperatures have been red supergiants (see Smartt 2015)
with stellar temperatures of order T∗ = 3500 K. Higher tem-
c© 0000 RAS, MNRAS 000, 000–000
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Figure 6. No evidence for variability at F814W. The 1.′′0 square (North up) panels show the ACS (left) and WFC3 (middle) F814W
images from 2009 and 2013, respectively, along with the hotpants difference image (right) between them. The position of the progenitor
candidate for ASASSN-16fq is marked with a yellow cross in all three panels. In the difference image, sources which are brighter in the
ACS image appear dark while those that are brighter in the WFC3 image appear white.
Figure 5. WFC3 F814W image (1.′′0 square, North up) from
2013 centered on the estimated position of ASASSN-16fq (yellow
cross). The labeled red squares show the positions of dolphot
sources reported in Table 1 where the central source (E1) is the
brightest.
peratures of order T∗ = 6000 K have been observed for the
progenitors of Type IIb SNe (e.g., SN 2011dh, Maund et al.
2011). Finally, we must note the still higher temperature
progenitor of the Type IIpec SN 1987A, a blue supergiant
with T∗ ≃ 16000 K and L∗ ≃ 10
5.0L⊙ (see the review by
Arnett et al. 1989). All available evidence is that ASASSN-
16fq is a normal Type IIP SN where we should only consider
the lowest temperature (T∗ = 3500 K), but we will present
parallel results for T∗ = 6000 K and comment on the conse-
quences of still higher progenitor temperatures.
Rodriguez et al. (2016, in preparation) modeled the
early, near-UV/optical/near-IR photometry (from Swift,
LCOGT 1m, the Iowa Observatory 0.5m, and the
REM 0.6m) and photospheric expansion velocities of
ASASSN-16fq (obtained from optical spectra obtained with
FLWO 1.5m+FAST and MDM 2.4m+OSMOS) following
Pejcha & Prieto (2015). This phenomenological model de-
scribes the multicolor light curves and photospheric velocity
evolution of normal Type II SNe, decoupling changes in ef-
fective temperature from changes in the photospheric radius
at different epochs since explosion. These fits lead to an es-
timated explosion time of JD = 2457532.2 ± 2.0 days, a
total extinction (including Galactic) of E(B − V) = 0.53 ±
0.02 mag, and a distance modulus of 29.72± 0.44 mag. This
distance estimate of 8.8 ± 1.8 Mpc is consistent with our
adopted value of 10.62 Mpc. For roughly estimating the
properties of the progenitor, we will assume either Galactic
E(B − V) = 0.03 or E(B − V) = 0.53 of foreground extinc-
tion. The results assuming circumstellar extinction would be
moderately different (see Kochanek et al. 2012a for a discus-
sion of this issue).
We corrected the photometry for the assumed amount
of foreground extinction and then used the DUSTY
dust radiation transport code (Ivezic´ & Elitzur 1997,
Ivezic´ et al. 1999, Elitzur & Ivezic´ 2001) combined with
Castelli & Kurucz (2004) model atmospheres of solar metal-
licity and embedded in a Monte Carlo Markov Chain
(MCMC) driver to match the model to the data (see
Adams & Kochanek 2015, Adams et al. 2016 for details).
For the experiments we carry out here, much of this ma-
chinery is not necessary but can be trivially applied to the
problem. For a fixed stellar temperature and foreground ex-
tinction we determined the stellar luminosity based on one
of the broad band ACS or WFC3 total or brightest com-
ponent magnitudes. The brightest, total broad band mag-
nitudes (those from ACS) were used as 1σ upper limits on
the luminosity unless the magnitude was being used to de-
termine the luminosity. In essence, we will not attempt to
extract any color information from the photometry, but no
model can be significantly brighter than the brightest ob-
served ACS/WFC3 broad band magnitudes.
Figure 7 shows the “SED” of the source combining the
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Figure 7. Spectral energy distributions with low (E(B − V) = 0.03, left) and high (E(B − V) = 0.53, right) extinction. The open
(filled) squares show the WFC3 photometry for the brightest source (total of all sources) in Table 1. The open (filled) triangles show
the ACS photometry for the brightest source (total of all sources) in Table 1. The solid red (dashed blue) curves show the T∗ = 3500 K
(T∗ = 6000 K) stellar SEDs with the lowest and highest luminosities that fit one of the broad band photometric points and do not
significantly exceed the brightest, total broad band fluxes (the total ACS fluxes for the broad band filters).
ACS and WFC3 photometry. All else being equal and ignor-
ing the narrow band F658N photometry, the luminosity es-
timate will vary by roughly a factor of two between a model
based on the fluxes of the brightest components (A1-E1)
and the summed fluxes of all the components. For example,
using T∗ = 3500 K and Galactic extinction, only models
normalized at I-band (F814W) are also consistent with the
relevant upper limits. They have luminosities in the range
from L∗ = 10
4.5 to 104.9L⊙. Essentially, the cool models are
too luminous for the observed F814W fluxes if they are nor-
malized at shorter wavelengths. For the hotter T∗ = 6000 K
model, all permutations are allowed, and they have lumi-
nosities spanning a very similar range from L∗ = 10
4.5 to
104.8L⊙. At the hotter temperature, the stellar SED is not
dropping rapidly in the bluer bands and so it is easier to be
consistent with all the constraints. When we raise the ex-
tinction to E(B − V) = 0.53, the changes in the results are
modest. For T∗ = 3500 K, only the F814W normalizations
are again allowed but with a shift to moderately higher lu-
minosities of 104.8 to 105.2L⊙. For T∗ = 6000 K the F814W
and F555W normalizations are allowed and they have the
same luminosity range as for the T∗ = 3500 K models.
A hot star, albeit one still hotter than the progenitor of
SN 1987A, might also explain the discrepant F658N magni-
tudes as Hα emission from an associated HII region. With
the large E(B−V) = 0.53 extinction correction, the implied
SED also rises rapidly to shorter wavelengths as might be ex-
pected for a hot star. Since the SED rises rapidly to shorter
wavelengths, these hot star models are very luminous, with
L∗ = 10
5.5 to 106.0L⊙ for T∗ = 16000 K and still higher lu-
minosities for higher temperatures. We will not consider this
possibility further, although it would make ASASSN-16fq a
unique and fascinating new example of the SN phenomenon
were it to prove to be true.
If we use the endpoints of the PARSEC (Bressan et al.
2012) isochrones to map luminosities into masses, luminosi-
ties of L∗ = 10
4.5, 104.8, 104.9 and 105.2L⊙ translate into
initial masses of M∗ ≃ 8.6, 11.2, 11.6 and 17M⊙. Since
the higher luminosity limits correspond to the cases nor-
malized by the total flux of all the detected sources rather
than just that of the brightest source found by dolphot,
they should probably be treated as upper limits. In short,
despite the chaotic nature of the photometry, the progeni-
tor of ASASSN-16fq was probably a red supergiant with an
initial mass of 8-12M⊙. This estimate of the mass range is
fairly robust to changes in temperature, unless the star is
significantly hotter than expected (T∗ > 6000 K), and holds
for a fairly broad range of extinctions. It probably does re-
quire that some of the blended stars are significantly hotter
and bluer, which would be natural if they are also younger.
3 LBT AND THE VARIABILITY OF THE
PROGENITOR
As part of the LBT search for failed SN (Kochanek et al.
2008, Gerke et al. 2015), NGC 3627 was observed sixteen
times in the U, B, V and R-bands between 4 May 2008
and 7 February 2016. NGC 3627 lies on chip 3 of the Large
Binocular Camera (LBC, Giallongo et al. 2008) images. The
LBT data are analyzed using the ISIS (Alard & Lupton
1998) difference imaging package. First, all the images are
aligned to a common R-band astrometric reference image.
The best images (noise, resolution and quality) for each band
are combined to make a reference image. These reference
images are astrometrically and photometrically calibrated
based on SDSS stars (Pier et al. 2003, Ivezic´ et al. 2007,
Ahn et al. 2012) with the SDSS ugriz photometry trans-
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Figure 8. R-band progenitor variability prior to the supernova
relative to the error-weighted mean. The luminosities are not cor-
rected for extinction. The gray band shows the times for the com-
mencement of core oxygen burning for stars with initial mass of
14M⊙ (left edge) to 20M⊙ (right edge) from Sukhbold & Woosley
(2014) (see Figure 1 for the full mass dependence).
formed to UBVR Vega magnitudes using the relations in
Jordi et al. (2006). The reference images are then subtracted
from the individual epochs to leave only the variable flux be-
tween the reference image and the individual epochs. Since
the reference image is constructed from images spanning
the monitoring period, source fluxes in the reference image
roughly correspond to the mean fluxes.
We cannot measure the absolute flux of the progeni-
tor in the LBT images due to crowding. However, the sub-
tracted images are not crowded and we can easily constrain
the variability of the progenitor. For this purpose, the uni-
formity of the data and the well-sampled PSF makes the
ground-based LBT data superior to the archival HST data.
Although variability is seen in none of the bands, we focus
only on the R-band data, which is both deeper and of higher
quality. Table 2 provides the difference in the R-band lumi-
nosity relative to the error-weighted mean of all the epochs.
The conversion between the R-band (νLν) luminosity and
counts is 3.26L⊙/count and no correction for extinction has
been applied.
As seen in Figure 8 and Table 2, there is no statisti-
cally significant evidence for variability from the progenitor.
The root-mean-square (RMS) of the variability is 1505L⊙
as compared to a mean square uncertainty of 1204L⊙. Sub-
tracting in quadrature, this implies variability at an RMS
level of 900L⊙. Because the RMS is so close to the level of
the uncertainties, these should be regarded as upper limits
on the variability rather than detections. If we fit a linear
trend, the slope is (220 ± 133)L⊙ year
−1 with χ2 = 16.4
for 13 degrees of freedom. If we rescale the uncertainties
to make the χ2 per degree of freedom unity, this becomes
(291± 149)L⊙ year
−1. If we adopt an R-band luminosity of
νLν = 10
4.3L⊙, the RMS variability is < 4.5% and the limit
on the slope is (1.4 ± 0.7)% year−1. This luminosity esti-
mate is the logarithmic average of the Galactic extinction-
corrected ACS and WFC F814W and F555W C1, D1 and
E1 source luminosities. The absolute scale of these lumi-
nosities is subject to distance uncertainties and extinction
corrections, but the fractional variability is independent of
both.
Figure 8 shows the relation of the LBT epochs to nu-
clear burning phases with a gray band bracketing the onset
of core oxygen burning for models with 14M⊙ < M < 20M⊙
from Sukhbold & Woosley (2014), where the full mass de-
pendence is shown in Figure 1. More or less independent of
mass, the LBT data samples the last phases of carbon shell
burning, the neon burning phase (not shown), core oxygen
burning, and the initial phases of shell oxygen burning. Since
the two points that drive the apparent slope in the luminos-
ity evolution probably lie in the shell carbon burning phase,
the variability in the later burning phases is even smaller
than the overall limits given above.
4 DISCUSSION
We have clearly identified a counterpart to ASASSN-16fq
in archival HST data. Unfortunately, our constraints on the
properties of the progenitor are far from satisfactory, pre-
sumably due to the blending of multiple stars with the pro-
genitor even at the resolution of HST. However, for a broad
range of reasonable assumptions about its temperature and
the amount of extinction, its properties are consistent with
a lower-mass (8-12M⊙) red supergiant. The data almost cer-
tainly require an upper mass limit of M∗ <∼ 17M⊙ that
matches the mass limit associated with the red supergiant
problem (Smartt et al. 2009) or the more general problem
of missing higher mass SN progenitors originally identified
by Kochanek et al. (2008). The only real escape from this
conclusion is to give the progenitor a far higher than ex-
pected temperature, but this option quickly drives the pro-
genitor luminosity to be extraordinarily high. While we view
this possibility as unlikely, it would make the progenitor of
ASASSN-16fq far more remarkable than simply making it a
garden variety red supergiant of modest mass. Observations
either with the LBT or HST once the SN has faded will have
no difficulty making accurate photometric measurements of
the progenitor.
Table 3 summarizes the available information on the
variability of SN progenitors beyond the large outbursts
probed by Ofek et al. (2014), Bilinski et al. (2015) and
Strotjohann et al. (2015). Information is available for the
Type IIpec SN 1987A (photographic, Plotkin & Clayton
2004), the Type IIb SN 1993J (V-band, Cohen et al. 1995),
the Type IIP SN 2008cn (V-band, Elias-Rosa et al. 2009,
Maund et al. 2015), the Type IIb SN 2011dh (R-band,
Szczygie l et al. 2012) and the Type IIP SN 2013ej (I-band,
Fraser et al. 2014) in addition to ASASSN-16fq. Based on
the review of Smartt (2009), we adopt progenitor masses of
14-20M⊙ for SN 1987A and 15M⊙ for SN 1993J. We use an
upper limit of< 16M⊙ for SN 2008cn following Maund et al.
(2015), (13 ± 3)M⊙ for SN 2011dh following Maund et al.
(2011), and 8-15.5M⊙ for SN 2013ej (Fraser et al. 2014).
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Figure 9. (Left) Magnitude variance of the 6 SN progenitors as a function of their estimated mass. The variance in the progenitor’s
flux is a measure of any “random” variability of the progenitor. The time period over which the variance was estimated varies between
the SN (see Figure 1).
Figure 10. (Right) Absolute values of the linear luminosity slopes of the 6 SN progenitors as a function of their estimated mass. The
slope of the progenitor’s flux is a measure of any “steady” variability of the progenitor. For the SN where we have only upper limits, the
limit is drawn at the absolute value of the slope plus the uncertainty in the slope. The time period over which the slope was estimated
varies between the SN (see Figure 1).
We use our estimate of 8-12M⊙ from §2 for ASASSN-16fq.
We also report the time period spanned by the variabil-
ity data and (roughly) the corresponding nuclear burning
phases based on Figure 1. The data for SN 1987A, SN 1993J,
SN 2008cn and SN 2013ej probably only sample the carbon
shell burning phase. The LBT data for SN 2011dh, like that
for ASASSN-16fq, probably samples the last phases of car-
bon shell burning through the early phases of oxygen shell
burning.
We can characterize the “random,” “steady”, and “out-
burst” variability of these SN progenitors. Limits on the
random variability are illustrated by the “Var” estimates
of the intrinsic variability as a function of the progenitor
mass in Figure 9. The variance “Var” is estimated by sub-
tracting the mean of the reported photometric uncertainties
(〈Err〉) from the root mean square (RMS) of the light curve,
(Var = (RMS2 − 〈Err〉2)1/2). The intrinsic variability is de-
fined to be zero if the mean errors exceed the RMS, as is the
case for SN 2013ej and the Maund et al. (2015) results for
SN 2008cn. These quantities are reported in Table 3. Limits
on the steady variability are illustrated in Figure 10 by the
estimates of the linear luminosity slopes as a function of pro-
genitor mass. The upper limits used for all but SN 2011dh
are drawn at the absolute value of the slope plus the error
estimate. The slope estimates and the goodness of fit are
included in Table 3.
Of these SN, only SN 2011dh is clearly variable, but
with the small number of epochs available to Szczygie l et al.
(2012) it is also possible to interpret it as ellipsoidal vari-
ability given the binary models for the progenitor system
by Benvenuto et al. (2013). For comparison, typical slopes
estimated from the end points of stellar evolution mod-
els are 10−3 to 10−4 mag/year (e.g., Schaller et al. 1992,
Heger & Langer 2000). The limit on the slope for SN 1987A
is by far the tightest due to the long time span of the data.
Obviously, these systems are heterogeneously selected and
sample different final burning phases (see Figure 1), but they
also appear to be the only published progenitors with ade-
quate data to test for these lower levels of variability.
We can characterize outbursts by adding Gaussian
bursts in luminosity (quadratic in magnitude) defined by a
peak luminosity Lpeak and a burst FWHM tpeak to the light
curves of all the sources in Table 3 except SN 1987A. We
allow the outbursts during an eruption time corresponding
to the last tout before the SN. We normalize the available
light curves to have a χ2 per degree of freedom, Ndof , of at
most unity (i.e. ignoring the variability of SN 2011dh) when
fit as having a constant flux. We then add model outbursts
at random times and conservatively define detection to be
when the χ2 for fitting the “fake” data containing an out-
burst as having a constant flux exceeds the larger of 2Ndof
and Ndof +4. Figure 11 shows the results, quantified as the
detection probability per SN, Pd, for peak outburst lumi-
nosities of MR = −6, −8, −10 and −12 mag, corresponding
to λLλ ≃ 10
4.0, 104.8 105.6 and 106.4L⊙. The detection prob-
abilities can then be converted to 90% confidence limits on
the number of outbursts per SN as
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Figure 11. Outburst detection probabilities (Pd, left scale) and 90% confidence upper limits on the number of outbursts per SN (Nout,
right scale) as a function of the period tout over which eruptions can occur prior to the SN. The panels show the results for different peak
luminosities fromMR = −12 (top left) down to MR = −6 mag (bottom right) where the associated luminosities are λLλ at R-band. The
curves correspond to logarithmically spaced outburst FWHM of tpeak = 0.032 (highest, dotted), 0.1 (dotted), 0.32 (solid), 1.0 (solid),
3.2 (solid), 10.0 (dashed) and 32 (usually lowest, dashed) years. As in Figure 8, the shaded region shows the time before collapse for
the onset of core oxygen burning in the 14M⊙ and 20M⊙ models (see Figure 1). The limit on the number of Nout outbursts and the
detection probability Pd are related by Nout = 2.3(NSNPd)
−1 for the NSN = 5 SN excluding SN 1987A.
Nout <
2.30
NSNPd
= 0.46P−1d (1)
where NSN = 5 since we have excluded SN 1987A from the
analysis. The rate of eruptions during the eruption period is
then rout = Nout/tout.
The general pattern of the detection probabilities Pd
in Figure 11 is relatively easy to understand. Short out-
bursts become increasingly difficult to detect because of the
finite temporal sampling of the data. Long outbursts ul-
timately become difficult to detect because they show no
time variability over the finite temporal extent of the data
(although for sufficiently bright transients the luminosity
would be incompatible with any progenitor). The results for
long outbursts eventually correspond to the slope limits of
Figure 10. The sensitivity is highest for eruption periods ex-
tending to roughly 10 years because SN 1993J, SN 2008cn
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Figure 12. Outburst detection probabilities (left scale) and 90% confidence upper limits on the number of outbursts per SN (right
scale) as a function of the period over which eruptions can occur prior to the SN for the PTF data on Type IIb SN progenitors considered
by Strotjohann et al. (2015). The format is the same as in Figure 11, but we only show the results for MR = −10 and −8 mag where
there is some overlap with the sensitivities shown in Figure 11. The curves correspond to logarithmically spaced outburst FWHM of
tpeak = 0.032 (highest, dotted), 0.1 (dotted), 0.32 (solid), 1.0 (solid), 3.2 (solid), 10.0 (dashed) and 32 (usually lowest, dashed) years.
The PTF sample is better for brighter transients (more SN with better temporal coverage) and worse for fainter transients (insufficient
depth). As in Figure 8, the shaded region shows the time before collapse for the onset of core oxygen burning in the 14M⊙ and 20M⊙
models (see Figure 1). The limit on the number of Nout outbursts and the detection probability Pd are related by Nout = 2.3(NSNPd)
−1
for the NSN = 27 SN in the Strotjohann et al. (2015) sample.
and SN 2013ej only contribute on these time scales. For the
shortest eruption periods (tout), only SN 2011dh contributes,
and for long eruption periods, there is no information out-
side the last roughly 10 years before the SN.
Figure 12 shows outburst limits computed in the same
manner for the sample of 27 Type IIb SN considered by
Strotjohann et al. (2015) for comparison. Ofek et al. (2014)
and Strotjohann et al. (2015) provide 5σ R-band luminos-
ity limits, LPTF , for 15 day bins of the data, each con-
taining a variable number, NPTF , of epochs. For simplic-
ity, we simply spread the reported number of epochs uni-
formly over their 15 day bin (with temporal spacings of
1/2 : 1 : 1 · · · 1 : 1 : 1/2 over the bin), each with a (1σ) un-
certainty per epoch of LPTFN
1/2
PTF /5. We can then apply our
formalism with only minor ambiguities for very short time
scale (tpeak <∼ 15 day) outbursts. Figure 12 shows the results
for the Strotjohann et al. (2015) sample at MR = −12 and
−10 mag. The Type IIn sample considered by Ofek et al.
(2014) has even less sensitivity to low luminosity outbursts
because the typical SN is more distant and there are fewer
SN in the sample.
As we can see from comparing Figures 11 and 12, the
PTF sample is more sensitive to very luminous outbursts
and far less sensitive to outbursts closer to the progenitor
luminosity. This is simply because, relative to the sample in
Table 3, the PTF data has more continuous, but very shal-
low, coverage of a larger number of SN. The rate limits of the
two samples cross near peak luminosities of MR = −12 mag
(λLλ ≃ 10
6.4L⊙), where the relative sensitivity depends on
the burst duration. By MR = −10 mag (λLλ ≃ 10
5.6L⊙),
the deeper data we use here is more sensitive independent
of the outburst duration. The PTF data has negligible sen-
sitivity to the fainter MR = −8 and −6 mag outbursts.
In essence, the two approaches are complimentary. SN
surveys like PTF will better constrain the rates of high lu-
minosity, shorter transients – they will generally have larger
numbers of SN observed with higher cadence. However, even
with the co-addition of data, SN surveys simply lack the sen-
sitivity to probe variability significantly below ∼ 10 times
the luminosity of the progenitor stars. Deep monitoring
data, like that from our LBT survey, are sensitive to very
low levels of variability (down to ∼ 1% of the progenitor lu-
minosity, Figure 8), but are limited by the SN rate in nearby
galaxies (∼ 1 year) and the lower cadence of any monitoring
project on large telescopes.
SN surveys like PTF are also largely limited to study-
ing the relationships between outburst and SN properties, as
done by Ofek et al. (2014), because most of the SN will be
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too distant for measurements of the progenitor properties.
Any survey which can measure variability on the scale of
the progenitor luminosity or fainter can, by definition, also
determine the properties of the progenitor. As a result, stud-
ies like the LBT survey (Kochanek et al. 2008, Gerke et al.
2015) are better suited to studying the relationship between
outbursts and progenitors. An obvious next step is to sys-
tematically analyze the variability of all the SN progenitors
in the LBT survey data, which will provide a relatively ho-
mogeneous, volume-limited sample, rather than the hetero-
geneous sample represented by Table 3.
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Table 1. HST photometry
Date Instr. Exp. Src. F435W F555W F606W F658N F814W
(#×sec) (mag) (mag) (mag) (mag) (mag)
1994-12-28 WFPC2 2×80 All – – 23.639±0.099 – –
2001-02-24 WFPC2 2×350 All – – – – 22.225±0.041
HSC – – – – 22.302±0.083
2001-03-04 WFPC2 2×350 All – 23.396±0.083 – – –
2001-11-26 WFPC2 160+400 All – – 23.160±0.038 – –
2004-12-31 ACS 2×600 B1 – – – 22.708±0.081 –
B2 – – – 24.356±0.315 –
B3 – – – 24.384±0.323 –
HSC – – – 22.813±0.075 –
2004-12-31 ACS 2×500 A1 24.149±0.041 – – – –
A2 26.034±0.190 – – – –
A3 26.011±0.180 – – – –
A4 26.250±0.210 – – – –
A5 26.189±0.187 – – – –
A6 26.727±0.282 – – – –
HSC 24.097±0.024 – – – –
2009-12-14 ACS 2×260 C1 – 23.899±0.037 – – –
C2 – 25.015±0.085 – – –
C3 – 25.392±0.114 – – –
C4 – 26.259±0.233 – – –
C5 – 26.889±0.416 – – –
C6 – 26.254±0.233 – – –
C7 – 26.119±0.196 – – –
HSC – 23.768±0.032 – – –
2009-12-14 ACS 2×260 D1 – – – – 23.308±0.036
D2 – – – – 23.720±0.050
D3 – – – – 24.224±0.073
D4 – – – – 24.991±0.133
HSC – – – – 22.721±0.022
2013-11-29 WFC3 3×373 E1 – 24.158±0.028 – – –
E2 – 25.202±0.064 – – –
E3 – 25.967±0.108 – – –
E4 – 26.515±0.160 – – –
2013-11-29 WFC3 3×373 E1 – – – – 23.204±0.033
E2 – – – – 23.919±0.060
E3 – – – – 25.044±0.139
E4 – – – – 24.140±0.064
The detectors for the WFPC2, ACS and WFC3 instruments were WF3, WFC1 and UVIS2, respectively. The WFPC2/WF3
photometry encompasses “All” of the sources. For WFPC2/WF3 (ACS/WFC1) the HSC AB TotMag (MagAp2) results
were converted to Vega magnitudes.
Table 2. LBT R-Band Variability
Date MJD ∆LR (L⊙)
2008-05-04 54590.24 184 ± 1236
2009-01-30 54861.34 −2977 ± 1553
2009-03-22 54912.25 −2335 ± 1641
2010-12-13 55543.44 −1771 ± 1570
2012-01-01 55927.44 −1068 ± 1010
2012-03-22 56008.26 −221 ± 987
2012-04-28 56045.18 3041 ± 1132
2013-03-16 56367.29 −228 ± 1176
2013-05-05 56417.21 330 ± 872
2014-01-09 56666.36 549 ± 1273
2014-04-25 56772.20 −371 ± 734
2015-01-19 57041.32 −571 ± 1323
2015-04-20 57132.23 1604 ± 975
2016-01-03 57390.44 −80± 1064
2016-02-07 57425.29 496 ± 1116
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Table 3. Progenitor Variability
SN Time Burning RMS 〈Err〉 Var Slope χ2/dof Reference
(years) Phase (mag) (mag) (mag) (mag/year)
SN 1987a 91-33 C Shell 0.3 ? ? 0.005±?? – Plotkin & Clayton (2004)
SN 1993J 9.2-8.8 C Shell 0.17 0.16 0.05 −0.08 ± 0.25 53.3/49 Cohen et al. (1995)
SN 2008cn 12.0-10.8 C Shell 0.22 0.13 0.18 −0.29 ± 0.10 14.2/ 7 Elias-Rosa et al. (2009)
0.13 0.16 0 −0.03 ± 0.12 6.1/ 7 Maund et al. (2015)
SN 2011dh 3.2-0.1 C→O Shell 0.046 0.022 0.040 0.039± 0.006 6.7/ 9 Szczygie l et al. (2012)
SN 2013ej 9.7-8.1 C shell 0.0 0.03 0 0.00± 0.026 0.0/ 0 Fraser et al. (2014)
ASASSN-16fq 8.1-0.3 C→O Shell 0.081 0.065 0.049 −0.015± 0.008 16.4/13 This paper
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